The atherogenic lipoprotein phenotype (ALP) is a common heritable trait characterized by a predominance of small, dense low density lipoprotein (LDL) particles (subclass pattern B), increased levels of triglyceride-rich lipoproteins, reductions in high density lipoprotein, and a 3-fold increased risk of myocardial infarction. Significant two-point linkage was found between ALP and the LDL receptor locus on the short arm of chromosome 19 in -1 relatives of nine probands with ALP pattern B. locus (5, 6). In 301 relatives of healthy probands in 60 nuclear families, the estimated prevalence of the ALP pattern B allele was 0.25 (5), whereas in 234 relatives of seven probands with familial combined hyperlipidemia, the prevalence was estimated to be 0.3, and there was a small, multifactorial inheritance component (6). In both groups of families, the penetrance of the pattern B allele was reduced in males younger than age 20 and in premenopausal females. With this high allele frequency, ALP pattern B may be one of the most prevalent genetic traits influencing risk for coronary artery disease in the American population.
The atherogenic lipoprotein phenotype (ALP) is a common trait characterized by a predominance of small, dense low density lipoprotein (LDL) particles (LDL subclass pattern B) and associated with increased plasma levels of triglyceriderich lipoproteins and reduced levels of high density lipoprotein type 2 (HDL) (1) . In case-control studies, individuals with this phenotype have up to a 3-fold higher risk of myocardial infarction than subjects with a predominance of larger LDL particles (LDL subclass pattern A) (2, 3) .
A possible genetic basis for ALP was initially suggested by evidence for familial clustering of LDL subclass pattern B (4) . Complex segregation analysis in two large family studies indicated that this clustering was best explained by autosomal dominant or additive inheritance of an allele at a single genetic locus (5, 6) . In 301 relatives of healthy probands in 60 nuclear families, the estimated prevalence of the ALP pattern B allele was 0.25 (5) , whereas in 234 relatives of seven probands with familial combined hyperlipidemia, the prevalence was estimated to be 0.3, and there was a small, multifactorial inheritance component (6) . In both groups of families, the penetrance of the pattern B allele was reduced in males younger than age 20 and in premenopausal females. With this high allele frequency, ALP pattern B may be one of the most prevalent genetic traits influencing risk for coronary artery disease in the American population.
To better understand the genetic and biochemical basis for ALP, we have undertaken to map the responsible locus [designated ATHS for atherosclerosis susceptibility (lipoprotein-associated)] using a "candidate gene" approach to linkage analysis. We have reported recently that ATHS shows significant nonlinkage to the gene for apoprotein B, the principal structural protein of LDL (7) . Other candidate genes that have been excluded as the cause of ALP in 11 pedigrees studied to date include insulin, glucose transporter 4, apolipoprotein AII, and cholesteryl ester transfer protein (P.M.N., J. Wang, R.M.K., and J.P.J., unpublished results).
In this report we present evidence that ATHS is closely linked to the LDL receptor (LDLR) and insulin receptor (INSR) loci on chromosome 19 . This finding provides a framework for further genetic and biochemical analyses of affected families.
MATERIALS AND METHODS Subjects. Probands were selected from subjects screened for LDL subclass pattern B (see below) at our clinic. Eleven families consisting of 72 relatives were selected for linkage studies based on evidence for segregation of ALP pattern B (Fig. 1) . Informed consent was obtained from all participants. All family members found to have LDL subclass pattern B were included in the linkage analyses. Individuals with subclass pattern A were excluded when they were in age and sex categories known to have reduced penetrance of ALP pattern B (i.e., men younger than age 20 and premenopausal women) or if they were taking triglyceride-lowering drugs (nicotinic acid or fibric acid derivatives). Family members were also excluded from the linkage analyses when they had LDL subclass patterns that were indeterminate or intermediate between patterns A and B (seven subjects fell into this category; see below). In addition to the kindreds presented in Fig. 1 , which were used for testing linkage of ATHS, an additional three families were used to determine the chromosomal locations of D19S76 and D19S49 (data available upon request). Among the 72 subjects, there were 51 males and 21 females (Table 1) . Sixteen women were postmenopausal; seven of these were on estrogen therapy (five women, pattern A; two women, pattern B). Five women were premenopausal (all pattern B); two of these were on oral contraceptives, and one was pregnant. Ten subjects were using cholesterol-lowering drugs: three were using cholestyramine; four were using lovastatin, two were using cholestyramine and lovastatin; and one pattern B subject was using nicotinic acid. One subject had diabetes mellitus and was on insulin therapy.
Lipid and Lipoprotein Analysis. Blood samples were obtained after an overnight fast in tubes containing Na2EDTA 2 1 1 1 2 1 1 1 2 2 2 2 D19S76 1 2 2 2 1 2 2 2 1 2 2 2 2 2 LDLR#1 2 1 2 1 2 1 2 1 2 1 2 2 2 2 KINDRED *i. 6 , a recombination event between D19S7 and D19S49 was scored for the maternal gamete; however, it is equally possible that the recombination could have occurred in the paternal gamete. In kindred 12, phase assignment for INSR could be reversed with the same result. Genotypes not assigned by analysis of parental chromosomes are separated by a comma. Allele numbers are designated according to the size of the restriction fragments. Alleles for D19S76, LDLR2, and D19S49 have been arbitrarily assigned allele numbers within a family. ND, not determined. at 1.4 mg/ml, and plasma was separated at 40C by low-speed centrifugation. Levels of plasma total cholesterol, triglyceride, and HDL-and LDL-cholesterol were determined as described (1) .
LDL subclass distributions were analyzed after nondenaturing electrophoresis of plasma in 2-16% polyacrylamide gradient gels (Pharmacia) and densitometric scanning (Transidyne RFT scanning densitometer), as described (1, 2, 5, 6, 8) . In some instances, LDL subclass patterns were also determined by electrophoresis of the p < 1.063 g/ml plasma fraction separated by preparative ultracentrifugation (9), using the same electrophoresis system and protein staining with Coomassie brilliant blue R-250, as described (10) . Particle diameters of the major LDL peaks were estimated using calibration markers as described (8) . Criteria for classification of LDL subclass patterns into one of two distinct categories (1, 2, 5, 6) were as follows: in pattern B, the diameter of the predominant LDL peak is s25.5 nm, usually with skewing to the left, whereas in pattern A, the diameter of the predominant peak is larger, usually with skewing to the right. In the size range of 25. (1, 5, 6 (11) . DNA polymorphisms were detected by Southern blotting (12) and PCR (13) . The probes used for Southern blots and the loci analyzed by PCR are listed in Table 2 . PCR assays for LDL receptor (HincII) and insulin receptor (Nsi I) were done as described by Saiki et al. (13) . After restriction enzyme digestion, products were separated on an 8% nondenaturing polyacrylamide gel and visualized by ethidium bromide staining. Reaction conditions for the detection of dinucleotide repeat polymorphisms for the 3' end of LDLR gene, D19S76, D19549, and APOC2, were those described by Weber and May (14) . Cycling parameters were those described in the referenced literature in Table 2 (14-21) .
Linkage Analysis. Two-point linkage analysis was performed by using the MLink function of the LINKAGE program (22) . Based on the best-fitting model from complex segregation analysis (5), the ALP pattern B was assumed to have a dominant mode of inheritance and an allele frequency of 0.25. Two models were tested: model 1 assumed that ALP pattern B was completely penetrant in both sexes, and model 2 assumed that ALP was 90% penetrant. Model 2 was included to reduce the chance of missing a true linkage when the B phenotype was not expressed due to environmental factors.
Chromosomal haplotypes were determined by comparison of the genotypes of the offspring with those of their parents. The most probable haplotypes were inferred by minimizing the number of crossover events in each sibship (Fig. 1) . In some cases, phase was established by using marker genotype information from siblings with intermediate or ambiguous phenotypes (not shown in figure) . Haplotyping served to reveal crossover events which were important in positioning D19S76, D19S49, and ATHS.
RESULTS

Lipid and Lipoprotein Values in ALP Pattern Categories.
Mean plasma lipid and lipoprotein cholesterol levels for the 72 family members are presented in Table 1 as a function of sex and LDL subclass patterns. Ages of the females are significantly greater than those of the males, reflecting the fact that most women screened were postmenopausal. As = 0.00 (Table 3) and D19S49 in family 6 suggests that D19S7 is proximal to D19S49.
Mapping of ATHS. The 11 families used in the disease-tomarker linkage analysis belong to two to three generation kindreds (Fig. 1) . The number of informative families and total subjects tested for INSR, DI9S76, LDLR, D19S7, and D19S49 were 5 (30), 7 (37), 9 (60), 4 (29), and 9 (50), respectively. Cumulative LOD scores computed at different recombination fractions for two-point analysis for both models 1 and 2 can be found in Table 4 . Of the five loci analyzed, the LDLR locus exhibited the highest LOD score with Z = 4.05 at6 = 0.04 for complete penetrance of ATHS (model 1), or 4.27 at 0 = 0.00 for incomplete penetrance (90%, model 2), respectively. Approximate confidence intervals for 6 are (0.001, 0.171) and (0, 0.118), respectively. The only recombinant between ATHS and LDLR was noted in family 7 (Fig.  1) . Each of the nine families informative for linkage of ATHS and LDLR exhibited positive LOD scores with both models. Nonsignificant LOD scores were obtained for each of the other loci tested by two-point linkage analysis (Table 4) .
Multipoint analysis, using the LINKMAP program, was done to refine a map position for ATHS on chromosome 19 . Four-point linkage analysis of ATHS, INSR, D19S76, and LDLR was done. The results are pictured in Fig. 2 . Multipoint linkage analysis assuming 100% penetrance suggests Recombination fractions (6) are reported above the diagonal in italics, whereas the maximum LOD scores (2) obtained between two markers are reported below the diagonal.
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Genetics: Nishina et al. which maximal penetrance has been reported (5, 6 ). This penetrance is also consistent with the results of another recent study (24) . Therefore, the only recombinant between ATHS and LDLR in kindred 7 does not rule out LDLR as the ATHS locus. In the analyses reported here, we have examined the effect of reduced penetrance on the LOD score using a penetrance function of 90%. The value obtained, 4.5, supports the hypothesis that variation at or near the LDLR locus is responsible for ALP phenotypes, although studies in additional sets of families will be necessary to confirm this observation. 
